Abstract: An intermolecular light-driven hydrogen evolution system with free glutamic-acidmodified zinc tetra(p-phenyl) porphyrin (Glu-ZnP) as a photosensitizer and [Fe 2 (CO) 6 (μ-adt)C 6 H 5 ] [μ-adt = N(CH 2 S) 2 ] (Badt) as a catalyst has been constructed. Using phenylmercaptan (BSH) as electron donor and acetic acid (HOAc) as proton source, hydrogen was obtained after irradiation with visible light for 2 h; the efficiency is comparable to that of the similar intramolecular dyad. Steady-state and time-resolved spectroscopy and cyclic voltammetry show that both the first and the second electron transfer from singlet 1* Glu-ZnP to Badt and reduced Badt are thermodynamically feasible. However, the competition of electron transfer from singlet 1* Glu-ZnP to Badt with intersystem crossing from singlet 1* Glu-ZnP to triplet 3* Glu-ZnP, inefficient electron transfer from triplet 3* Glu-ZnP to Badt, and the lower energy of triplet 3* Glu-ZnP and possible 3* Badt to that of yielded charge-separated state of Glu-ZnP +ؒ -Badt −ؒ were believed to be the obstacles for efficient hydrogen evolution.
INTRODUCTION
[FeFe]-hydrogenase, an enzyme existing in certain bacteria and algae, has remarkable catalytic efficiency in proton reduction (6000-9000 molecules hydrogen s -1 per site) [1, 2] . In the late 1990s, the active site of [FeFe]-hydrogenase was structurally resolved, which contains a cubic [4Fe4S] unit covalently linking to a butterfly-like [2Fe2S] unit through coordination with S atom of cysteine [3, 4] . The low-cost elements composition and high catalytic efficiency in proton reduction of the active site have inspired chemists to develop electrocatalytic or photocatalytic hydrogen evolution systems with [2Fe2S] models [5] [6] [7] [8] [9] [10] [11] [12] [13] . From a photochemical point of view, a variety of [2Fe2S] models have been employed to construct artificial photosynthetic systems and to understand the mechanism of proton reduction by [2Fe2S] models. These systems, however, were unable to produce hydrogen coordination between zinc atom in Glu-ZnP and nitrogen atom in Badt and hence the formation of supramolecular system, glutamic acid diethyl ester was introduced into the porphyrin backbone, and steric group benzyl on Badt can also decrease the possibility of coordination between Glu-ZnP and Badt. The molecular design is to ensure the free state of photosensitizer and catalyst in solution. With visible light irradiation, this system is able to produce hydrogen in the presence of BSH as electron donor and acetic acid (HOAc) as proton source, and TON of 0.87 is achieved after irradiation of 2 h; the efficiency of which is comparable to that of the intramolecular dyad [28] . Furthermore, the steadystate and time-resolved spectroscopy and cyclic voltammetry were used to understand the intermolecular photoinduced electron-transfer processes necessary for hydrogen evolution. The results have shown that the first and the second electron transfer from singlet 1* Glu-ZnP to Badt and reduced Badt are both thermodynamically feasible, while intersystem crossing, energy transfer, and back electron transfer processes might lead to the low efficiency of the light-driven hydrogen evolution system.
MATERIALS AND METHODS
CH 3 OH (Fisher Chemicals, HPLC grade), CH 3 CN (Fisher Chemicals, HPLC grade), phenyl-mercaptan (Alfa Aesar), tetra(p-carboxyphenyl) porphyrin (Sigma-Aldrich). Deionized water was employed to prepare the sample for photocatalytic reactions. CH 2 Cl 2 (Fisher Chemicals, HPLC grade) for reactions was distilled under argon atmosphere from CaH 2 before use. Tetrahydrofuran (THF, Fisher Chemicals, HPLC grade) for reactions was distilled under argon atmosphere from metal Na before use.
1 H NMR spectra were run on a Bruker-400 spectrometer with tetramethylsilane (1H) as internal standard. Matrix-assisted laser desorption/ionization with time-of-flight (MALDI-TOF) mass spectrometry was performed on a BIFLEXIII MALDI-TOF mass spectrometer. High-resolution electrospray ionization mass spectroscopy (HR-ESI-MS) was performed on a Bruker APEX III 7.0 Tesla FTICR Mass spectrometer combined with Apollo ESI source. Elemental analyses were determined on a FLASH EA1112 elemental analyzer. UV-vis absorption spectra were recorded using a Shimadzu 1601 PC spectrophotometer. Emission spectra were determined on a Hitachi 4500 spectrophotometer. Time-resolved emission and transient absorption spectroscopy were carried out on Edinburgh LP 920. The hydrogen production experiment was performed in a Pyrex tube by irradiation with a 500 W highpressure Hanovia mercury lamp. A glass filter (Edmund Optics GG-400) was used to cut off light below 400 nm to guarantee the irradiation of visible light. Hydrogen detection was carried out on a Shimadzu GC-14B instrument with methane as an internal standard. The response factor for hydrogen to methane determined by calibration with known amounts of hydrogen and methane was 3.0 under the experimental conditions. Electrochemical investigation was studied on a Princeton Applied Research Potentionstat-gravanostat model 283. A three-electrode system containing a 3-mm glassy carbon working electrode, a platinum wire counter electrode, and a nonaqueous Ag/Ag + reference electrode was used to conduct the cyclic voltammetric experiments. Before measurement, the glassy carbon electrode was polished with a 0.05 μm alumina paste and sonicated for 15 min, and the electrolyte solution (0.1 M n-Bu 4 NPF 6 ) was deoxgenated with argon for 30 min.
EXPERIMENTAL

Synthesis of Glu-ZnP
Tetra(p-carboxyphenyl) porphyrin (0.40 g, 0.5 mmol) was suspended in a three-necked round-bottom flask with freshly distilled CH 2 Cl 2 . The flask was then flushed with nitrogen. Excess L-glutamic acid diethyl ester hydrochloride (0.72 g, 3.0 mmol) was added, followed by the addition of N,N,N',N'-tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU, 0.64 g, 2.0 mmol), 1-hydroxy -benzotrizole (HOBt, 0.12 g, 0.8 mmol), N,N-diisopropylethylamine (DIEA, 0.40 g, 3.2 mmol), and pyridine (0.5 mL). The mixture was then stirred at room temperature overnight. Upon removal of the solvent in vacuum, the residue was purified by silica gel column chromatography with CH 2 Cl 2 /THF as the eluent to yield the precursor of Glu-ZnP. Then, the precursor of Glu-ZnP (153 mg, 0.10 mmol) and Zn(OAc) 2 (18 mg, 0.10 mmol) were dissolved in a mixed solvent of CH 2 Cl 2 and CH 3 OH. The mixture was then stirred at 40 °C for 3 h. After removal of the solvent, the crude product was subjected to silica gel column chromatography with CH 2 Cl 2 /CH 3 OH as the eluent to give the deep purple product in a yield of 32 %. 1 
Synthesis of Badt
Aniline (0.46 g, 4.9 mmol) and paraformaldehyde (0.38 g) in 10 mL CH 2 Cl 2 were stirred for 2 h at room temperature under an argon atmosphere. Then SOCl 2 (0.88 mL, 4.4 mmol) was added dropwise. After further reaction of 1 h, the system was dried by the argon flow and the residue was then added into the THF solution of Li 2 [Fe 2 S 2 (CO) 6 ] [30] (0.72 g, 2.0 mmol) to allow another reaction for 3 h at room temperature. Finally, the solvent was moved away and the residue was subjected to silica gel column chromatography with petroleum ether as the eluent. The pure product has a deep red color with a yield of 70 %. 1 Electrochemical study can provide redox potential of compounds and thus some detailed information on proton reduction process of the system. Here, we utilized cyclic voltammetry to investigate the electrochemical behavior of Badt in CH 3 CN. As shown in Fig. 2a , the first quasireversible reduction peak at -1.53 V (E 1 pc ) (all potentials reported here vs. Fc/Fc + ) is attributed to the one-electron reduction of Fe(I)Fe(I) to Fe(I)Fe(0) of Badt, and the oxidation potential at 0.62 V is ascribed to the oxidation of Fe(I)Fe(I) to Fe(I)Fe(II) of Badt. With the addition of 2 equiv of HOAc to the solution of Badt (Fig. 2b) , the current intensity of the first reduction peak increased slightly. With increasing the concentration of HOAc, the second reduction peak corresponding to Fe(I)Fe(0) to Fe(0)Fe(0) of Badt emerged at -1.72 V (E 2 pc ). The current intensity of both reduction peaks is proportional to the concentration of HOAc in solution. Since electrolysis of HOAc without catalyst occurs at more negative potential (-1.96 V) [31, 32] , this reduction event is attributed to the electrochemical catalytic proton reduction process, in which Badt functions as catalyst [10, 12, 33] . The response of current density at E 2 pc vs. the concentration of HOAc is more sensitive than that at E 1 pc , which means that the catalytic proton reduction that occurred at E 2 pc was more efficient when weak acid HOAc was used as the proton source in electrocatalytic system. The photochemical reaction for hydrogen evolution using Glu-ZnP as the photosensitizer and Badt as the catalyst was carried out in a mixed solution of CH 3 CN/H 2 O (V/V = 1/1) at room temperature, where BSH and HOAc function as sacrificial electron donor and proton source, respectively. As shown in Fig. 3 , the amount of hydrogen evolved from the system increased immediately in the first 30 min. Further irradiation of the system made no obvious improvement of hydrogen production accompanying with the formation of precipitates, similar to other reported [2Fe2S] models [13, 28] . Control experiments have shown that no hydrogen formation was observed when any component of light, Glu-ZnP, Badt and BSH was omitted. The amount of hydrogen has reached a plateau of 19.5 μL with TON of 0.87 (based on either Glu-ZnP or Badt).
To better understand the interaction between Glu-ZnP and Badt, we examined fluorescence spectra of Glu-ZnP in the absence and presence of Badt in CH 3 CN. As shown in Fig. 4 , Glu-ZnP shows two intense fluorescence bands at about 602 and 652 nm after excited at 420 nm, analogous to most of the porphyrin derivatives [34, 35] . With the addition of Badt into the solution, the fluorescence of Glu-ZnP was quenched obviously, suggesting the strong interaction between Glu-ZnP and Badt in the excited state. Because there is little overlap between the absorption spectrum of Badt and the fluorescence spectrum of Glu-ZnP, the energy transfer from singlet 1* Glu-ZnP to Badt can be excluded. So the fluorescence quenching of Glu-ZnP was tentatively attributed to the electron transfer from singlet 1* Glu-ZnP to Badt. The quenching process obeys the Stern-Volmer equation (Fig. 4,  inset) with a quenching constant k S of 1.89 × 10 12 M -1 ؒs -1 .
Transient absorption measurements were also utilized to address the possible electron-transfer process in the system. Due to the fast intersystem crossing from singlet to triplet state of Glu-ZnP [34, 36] , the absorption spectra characteristic of the singlet 1* Glu-ZnP could not be detected by the equipment with nanosecond resolution. Instead, a strong absorption at 455 nm and a broad absorption from 610 to 800 nm appeared, along with the bleach of the ground state absorption of Glu-ZnP at about 560 and 600 nm (Fig. 5a) , all of which are typical triplet 3* Glu-ZnP [34] . According to kinetic traces at 470 nm, the lifetime of triplet 3* Glu-ZnP was calculated to be 78.9 μs. As Badt was added into the solution, no signals characteristic of Fe(I)Fe(0) state [11] could be detected. The shape of the whole transient absorption spectra of Glu-ZnP was almost the same (Fig. 5b) , but the lifetime of triplet 3* Glu-ZnP at 470 nm was shortened to 2.5 μs, which is consistent with that of similar triplet species reported by Wasielewski et al. [26] . The decay might originate from the energy transfer from triplet 3* Glu-ZnP to possible 3* Badt. According to Stern-Volmer equation, the quenching constant (k T ) was determined to be 1.9 × 10 9 M -1 ؒs -1 , suggesting the quenching is a diffusion-controlled process. The spectroscopic and electrochemical analysis studied above allowed us to estimate the free energy changes (ΔG°) of electron-transfer processes that are involved in our system by the Rehm-Weller equation [37] :
where E 00 is the excited-state energy of the photosensitizer; E ox (D) and E red (A) represent the oxidative potential of donor and reductive potential of acceptor, respectively; C is the Coulomb term. In our system, the lowest energy of singlet 1* Glu-ZnP (E S 00 ) was determined to be 2.16 eV based on the cross-point (574 nm) of the fluorescence and absorption spectra of Glu-ZnP; the lowest energy of triplet 3* Glu-ZnP (E T 00 ) was assigned to be 1.53 eV [35] . According to cyclic voltammetry, the oxidative potential of Glu-ZnP was at 0.43 eV; the first and the second reductive potential of Badt are at -1.53 and -1.72 eV, respectively. As a result of the large dielectric constant of CH 3 CN (35.9) [38] used in our system and the relative long distance between donor and acceptor in the intermolecular system, C could be neglected here [39, 40] . Taking all these into the Rehm-Weller equation, we found that the first electron transfer from singlet 1* Glu-ZnP to Badt [Fe(I)Fe(I)] is thermodynamically feasible (ΔG S ET1 = −0.20 eV); the second electron transfer from singlet 1* Glu-ZnP to the one-electron reduced Badt [Fe(I)Fe(0)] is also feasible in spite of rather small free energy change (ΔG S ET2 = −0.01 eV). In contrast, the electron transfer from triplet 3* Glu-ZnP to Badt seems impossible as a result of the blocked uphill (ΔG T ET1 = +0.43 eV). Based on the above experiments and calculations, we speculate the photophysical processes of the intermolecular system as follows (Scheme 2). With illumination of visible light, Glu-ZnP is excited to singlet 1* Glu-ZnP, which can transfer electron quickly to Badt. Following the electron transfer from singlet 1* Glu-ZnP to Badt, the charge-separated state of Glu-ZnP +ؒ -Badt −ؒ is formed. The generated Badt −ؒ [Fe(I)Fe(0)] interacts with proton for hydrogen evolution, while the Glu-ZnP +ؒ reacts with sacrificial electron donor BSH for regeneration. Afterwards, singlet 1* Glu-ZnP can deliver the second electron to the Fe(I)Fe(0) active site of Badt upon excitation, but the small driving force makes this photoinduced electron transfer process less effective, thus leading to the relatively small contribution to hydrogen evolution. Singlet 1* Glu-ZnP can also transform into triplet 3* Glu-ZnP through intersystem crossing. Triplet 3* Glu-ZnP is unable to transfer electron to Badt because it is a thermodynamically forbidden process. Instead, back electron transfer from charge-separated state of Glu-ZnP +ؒ -Badt −ؒ (including the first and second electron transfer from singlet 1* Glu-ZnP to the Fe(I)Fe(I) or Fe(I)Fe(0) active site of Badt, respectively) to triplet 3* Glu-ZnP is preferred due to the lower energy of the latter. Alternatively, energy transfer from triplet 3* Glu-ZnP to possible 3* Badt occurs, which may make no contribution to hydrogen evolution. 
CONCLUSION
In summary, an intermolecular light-driven hydrogen evolution system has been constructed, in which Glu-ZnP worked as a photosensitizer, Badt as a catalyst, BSH as an electron donor, and HOAc as a proton source. This system is able to produce hydrogen upon irradiation with visible light. TON of 0.87 was obtained from a mixed CH 3 CN/H 2 O solution, and this value is comparable to that of the intramolecular dyad. Spectroscopic and electrochemical studies have revealed that electron transfer from singlet 1* Glu-ZnP to either Badt or one-electron reduced Badt was thermodynamically possible. Competition of the electron transfer from singlet 1* Glu-ZnP to Badt with the intersystem crossing of singlet 1* Glu-ZnP to triplet 3* Glu-ZnP, ineffective electron transfer from triplet 3* Glu-ZnP to Badt and lower energy of triplet 3* Glu-ZnP to that of charge-separated state of Glu-ZnP +ؒ -Badt −ؒ may be all responsible for the low TON value of this light-driven hydrogen evolution system. We are currently investigating ways to improve the photocatalytic performance via modulating the energy level of both porphyrin derivatives and [2Fe2S] models, and to develop their long-lived charge-separated states for hydrogen evolution in aqueous solutions.
